We report a quasi-differential upper limit on the extremely-high-energy (EHE) neutrino flux above 5 × 10 6 GeV based on an analysis of nine years of IceCube data. The astrophysical neutrino flux measured by IceCube extends to PeV energies, and it is a background flux when searching for an independent signal flux at higher energies, such as the cosmogenic neutrino signal. We have developed a new method to place robust limits on the EHE neutrino flux in the presence of an astrophysical background, whose spectrum has yet to be understood with high precision at PeV energies. A distinct event with a deposited energy above 10 6 GeV was found in the new two-year sample, in addition to the one event previously found in the seven-year EHE neutrino 3 search. These two events represent a neutrino flux that is incompatible with predictions for a cosmogenic neutrino flux and are considered to be an astrophysical background in the current study. The obtained limit is the most stringent to date in the energy range between 5 × 10 6 and 2 × 10 10 GeV. This result constrains neutrino models predicting a three-flavor neutrino flux of E 2 ν φν e+νµ+ντ 2 × 10 −8 GeV/cm 2 sec sr at 10 9 GeV. A significant part of the parameter space for EHE neutrino production scenarios assuming a proton-dominated composition of ultra-high-energy cosmic rays is disfavored independently of uncertain models of the extragalactic background light which previous IceCube constraints partially relied on.
We report a quasi-differential upper limit on the extremely-high-energy (EHE) neutrino flux above 5 × 10 6 GeV based on an analysis of nine years of IceCube data. The astrophysical neutrino flux measured by IceCube extends to PeV energies, and it is a background flux when searching for an independent signal flux at higher energies, such as the cosmogenic neutrino signal. We have developed a new method to place robust limits on the EHE neutrino flux in the presence of an astrophysical background, whose spectrum has yet to be understood with high precision at PeV energies. A distinct event with a deposited energy above 10 6 GeV was found in the new two-year sample, in addition to the one event previously found in the seven-year EHE neutrino search. These two events represent a neutrino flux that is incompatible with predictions for a cosmogenic neutrino flux and are considered to be an astrophysical background in the current study. The obtained limit is the most stringent to date in the energy range between 5 × 10 6 and 2 × 10 10 GeV. This result constrains neutrino models predicting a three-flavor neutrino flux of E 2 ν φν e+νµ+ντ 2 × 10 −8 GeV/cm 2 sec sr at 10 9 GeV. A significant part of the parameter space for EHE neutrino production scenarios assuming a proton-dominated composition of ultra-high-energy cosmic rays is disfavored independently of uncertain models of the extragalactic background light which previous IceCube constraints partially relied on. INTRODUCTION The origin of ultra-high-energy cosmic rays (UHECRs; cosmic rays with energies greater than about 10 18 eV) is among the long-standing questions in astrophysics. Recent measurements indicate that they originate from extragalactic sources [1] . Secondary extremely-high-energy (EHE) neutrinos produced by UHECR interactions with background radiation provide an alternative and promising indicator of UHECR sources as neutrinos propagate cosmological distances without interaction or deflection by magnetic fields. A series of EHE neutrino searches have been conducted [2] [3] [4] [5] , however, cosmogenic neutrinos induced by the Greisen-Zatsepin-Kuzmin (GZK) mechanism [6] have not been detected. Because the cosmogenic neutrino rates strongly depend on the UHECR source evolution function that characterizes the source classes [7] [8] [9] , recent limits on the EHE neutrino flux by the IceCube Neutrino Observatory have provided a unique constraint on UHECR sources. The aforementioned limits published by IceCube [5] and subsequently reported by Auger [10] indicate that objects with a cosmological evolution stronger than the star formation rate (SFR) are disfavored as UHECR sources, if the UHECRs are proton-dominated.
A differential limit is an effective way to characterize the energy dependence of an experiment's sensitivity. As each experiment is sensitive to neutrinos of different energy, a model-dependent constraint does not indicate which energy region contributes most to bounding a given model. In the case of the null observation, Anchordoqui et al. [11] proposed setting a quasi-differential limit:
where T is the observation time, A ν i is the 4π-averaged neutrino effective area for a neutrino flavor i, and N 90 is the 90% C.L. upper limit on the number of events. The Feldman-Cousins method [12] sets N 90 = 2.4 for the case of negligible background. An equal flavor ratio of neutrino fluxes ν e : ν µ : ν τ = 1 : 1 : 1 at the Earth is assumed. This upper limit of Eq. (1) is equivalent to the * Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan † Email: analysis@icecube.wisc.edu limit on the normalization of neutrino fluxes following E −1 ν with an interval of one decade. This formula must be modified when neutrino event candidates are contained in the data sample. However, it is not clear what approach should be employed to incorporate detected events in the calculation of the differential limit. Muon neutrino events deposit an unmeasured fraction of their energy outside the instrument volume. Therefore, a large uncertainty in the measured muon neutrino energy cannot be avoided. The probability density function (PDF) of the observed neutrino energy thus depends on the as-yet unknown true neutrino energy spectrum. In the EHE neutrino analysis with IceCube published in 2013 [3] , in which the first PeV events were detected in two years of data [13] , the upper limit on the number of events N 90 in Eq. (1) was derived from the probability of finding n (n = 0, 1, 2, ...) neutrino events in an interval of one decade: [log 10 (E ν /GeV) − 0.5, log 10 (E ν /GeV) + 0.5]. This probability was estimated using the PDF of the primary neutrino energy for each of the detected events, assuming the parent neutrino energy spectrum followed E −2 ν . However, the confidence coverage is not well defined in this approach as each of the Poisson upper limits at 90 % confidence level in case of finding n events are further weighted by the n event detection Bayesian probability. Moreover, it does not fully consider the energy dependence of the background contamination.
In this paper, we present a complete frequentist approach to calculate the flux limits and update the constraints using a collection of IceCube data taken over nine years from April 2008 to May 2017. The data sample includes two additional years of IceCube data in addition to the seven-year sample used in the previous EHE analysis [5] . All signal selection criteria are the same as in the previous publication and described in Secs. II and III. The new approach using a nuisance parameter to represent the unknown astrophysical background and the method of p-value calculations using the Poisson-binned likelihood ratio are presented in Sec. IV. Last, the results and implications of the derived limits for explaining the origin of UHECRs are discussed in Sec. V.
II. DATA AND SIMULATION
IceCube is a cubic-kilometer neutrino detector installed in the ice under the South Pole between depths of 1450 m and 2450 m, forming a three-dimensional array of digital optical modules (DOMs) [14] . To form the detector, cable assemblies called strings were lowered into holes drilled vertically into the glacier ice with a horizontal spacing of approximately 125 m. The detector construction was completed in December 2010 and the observatory has been in full operation with 86 strings (IC86) since May 2011. During the construction period, it was partially operated with 40, 59 , and 79 strings in 2008-2009, 2009-2010, and 2010-2011 , respectively. The analysis described here is based on data taken from April 2008 to May 2017. The effective live time of the sample is 3142.5 days. The most recent two-year data sample provides approximately 30% more exposure than the previous EHE neutrino search [5] .
There are two classes of atmospheric background events: atmospheric muon bundles and events generated by atmospheric neutrinos. They were simulated using the CORSIKA [15] package with the SIBYLL hadronic interaction model [16] and by the IceCube neutrinogenerator program based on the ANIS code [17] , respectively. Prompt atmospheric neutrinos from short-lived heavy meson decays were modeled following [18] , which predicted a higher prompt neutrino flux than recent calculations [19] , and represent a conservative background estimate. The EHE neutrino-induced events were simulated by the JULIeT package [20] , which provides the cosmogenic (GZK) signal simulation sample as well as simulations of the astrophysical background events, whose spectrum is assumed to be described by an unbroken power law in the relevant energy region. The detailed simulation procedure used in this work is described in Ref. [3] .
III. EVENT SELECTION
The EHE signal selection criteria remain the same as in the previous analysis [5] . The selection criteria were determined by following a blind analysis strategy, and the cut value optimization was carried out by looking at the simulated event samples with the experimental data blind, except for a 10% subset of experimental data used to validate the simulation. The backgrounds for the EHE neutrino search are atmospheric muon bundles and atmospheric neutrinos initiated in cosmic-ray air showers. As the EHE signal events deposit more energy in the form of Cherenkov light than the background, the total number of photoelectrons (NPE) recorded in an event is used as the main distinctive feature to eliminate the background. This basic algorithm was established in the EHE neutrino search based on two years of IceCube data [3] .
The Online EHE Filter first selects events with an NPE greater than 1000 photoelectrons (p.e). After removing DOM signals from coincident atmospheric muons and photomultiplier tube dark noise [3] , the Offline EHE Cut selects candidate events by requesting at least 25,000 p.e. and more than 100 hit DOMs. The technical details such as the NPE extraction method and hit cleaning algorithm are fully described in Ref. [3] . The event direction of surviving events is reconstructed by the LineFit algorithm [21] that masks photon hits which have substantially different timing distributions from Cherenkov photons radiated by an EHE muon track [22] . The Track Quality Cut is then applied based on the LineFit goodness-of-fit parameter χ 2 track /ndf , which is a measure of the consistency with a track-like event topology. Track-like events (primarily from muons and EHE taus) generally yield smaller NPE than cascade-like events (primarily from electrons and hadrons) of the same energy as track-like events deposit only a small fraction of the parent neutrino energy within the detection volume. Consequently, we reduced the NPE threshold for track-like events and relative to the cascade-like events in the track quality cut: (2) Figure 1 shows the signal and background event distributions as a function of χ 2 track /ndf and NPE. The solid line represents the cut described by Eq. 2. Note that this selection criterion filters out the previously observed PeV energy neutrino-induced cascade events [13] . Muon track events dominate for χ 2 track /ndf < 80. A subsample of events that meets this χ 2 track condition is used for the EHE track alert system [23] .
The final event selection cut is made based on the NPE and LineFit reconstructed zenith angle (cos θ LF ). A zenith angle-dependent NPE threshold is used to remove the atmospheric muon background in the downwardgoing region. The selection criteria in this Muon Bundle Cut are
(cos θLF < 0.06) 4.6 + 1.85×
(3) They are optimized for the cosmogenic neutrino model [24] with the least model rejection potential technique [25] . Figure 2 shows the signal and background event distributions as a function of cos θ LF and log 10 NPE. The muon bundle cut criteria (Eq. 3) are shown by the solid line in the figure.
The passing rates in each stage of the cuts with the IC86 configuration are described in Table I . The expected number of atmospheric background events in the nineyear data sample passing the selection criteria is 0.085. The expected event rate from a cosmogenic model [24] assuming the UHECR primaries to be dominated by protons is 3.7 -7.0. This model [24] takes into account Fermi-LAT bounds on the γ-ray background generated by cascading of the high energy photons and electrons which are also produced in the GZK interac- Background sum tions. The range of the predicted cosmogenic neutrino flux (see TABLE III) corresponds to different choices of the 'crossover' energy (1, 3 or 10 EeV) above which the extragalactic UHECR dominates over the Galactic component. The astrophysical neutrino flux [26] can extend to the EHE region, and will yield an astrophysical background with rates of 6 events in the nine-year analysis sample, depending on its spectral shape.
IV. BINNED POISSON LIKELIHOOD METHOD A. General model test
In this analysis, observations are tested against theoretical models using a binned Poisson likelihood method, which is defined as the product of the Poisson probabilities over all zenith and energy bins as
where P (n; µ) is a Poisson PDF of observing n events with the expectation of µ events. µ SIG i,j and µ BG i,j are the mean number of the signal and background (atmospheric neutrino and muons) events, respectively, as functions of the cosine of the zenith angle (represented by bin i) and logarithm of an energy proxy defined below (bin j). The data are binned in 42 zenith bins, and 32 energy proxy bins for this analysis. The multiplier for a signal model, λ, can be varied in the test statistic construction. λ = 1 represents the predicted signal model strength. Figure 3 presents some example event distributions. The energy proxy used here is an energy deposition reconstruction that employs a single-muon hypothesis with a series of stochastic energy losses from cascades along the muon track [27] . In the present analysis, the energy deposition reconstruction is specifically optimized to minimize the number of failed fits so that no additional fit quality selections are required to obtain the event distributions. The energy reconstruction method also shows reasonable performance for cascade-like events. The resulting resolution of the energy proxy is approximately 0.8 decade for through-going tracks, and 0.5 decade for contained cascade-like events. Though the stochastic nature of EHE track energy loss profile broadens the resolution, this energy deposition measure offers sufficient correlations with neutrino energies to perform statistical tests on a given model flux. The zenith angle, θ, used here is provided by the single photoelectron loglikelihood fit [28] based on the track hypothesis. Events with the log-likelihood values inconsistent with the track hypothesis are categorized in the non-track-like category. Directional information for non-track-like events is not used in the analysis.
A model test is performed by comparing the model hypothesis of λ = 1 against the alternative hypothesis λ = 1. The test statistic is the log-likelihood ratio:
whereλ is the multiplier that maximizes the Poisson likelihood L by floating λ between zero and infinity. An ensemble of pseudo-experiments under the model hypothesis is used to produce a PDF of the test statistic Λ. The p-value for a given model of cosmic neutrinos is then calculated from the PDF by the frequency where Λ is larger than the Λ observed. A test of the atmospheric background only hypothesis is also conducted, where λ = 0.
B. Model comparison
The binned Poisson likelihood introduced for the cosmogenic (GZK) model (L GZK ) and power-law model (L power ) can be written as
where
is the number of events in a bin of the energy-zenith plane predicted by the cosmogenic model and µ α i,j is the value attributable to a generic astrophysical E −α ν power-law flux. One important question is whether the observed data are consistent with the expectations from cosmogenic neutrino models [6] or a softer power-law flux, such as E −2 ν , as expected from astrophysical neutrinos. The test statistic here is
where λ α and λ GZK maximize the likelihood functions.
C. Calculations with astrophysical background
The astrophysical neutrino flux observed by IceCube indicates that contributions from a generic astrophysical power-law flux are expected in the PeV energy region [5] . We account for this possibility by introducing a nuisance flux in the form φ α = κ α E −α ν , where κ α is an arbitrarily chosen reference normalization. A small modification of Eq. (6) gives
Taking λ α as a nuisance parameter, the likelihood ratio is constructed using the profile likelihood: where the double-hat notation represents the profiled value of the parameter λ α , defined as the value that maximizes L GZK for the specified λ GZK . This likelihood ratio, in which λ GZK = 1, is the test statistic for a given cosmogenic neutrino model. The baseline model of the nuisance flux is built with α = 2. The impact of different power-law indices is negligible when constraints are placed in the EHE region because we confirmed that upper limits of λ GZK with various α ranging from 2.5 to 2.0 are completely consistent within the statistical precision of pseudo-experiments to produce a PDF of Λ. The recent model-dependent p-values and the upper limits for the selected cosmogenic models in [5] were obtained using this procedure.
D. Extension to differential limit
The inclusion of an astrophysical nuisance parameter can be extended to the differential limit calculation. The differential limit at a neutrino energy of E are not substantial, because the deposited energy of a secondary muon track is only weakly correlated to the primary neutrino energy. This quality of resolution arises from the stochastic nature of the muon-energy-loss profile at PeV-EeV energies, the large variance in the fraction of neutrino energy channeling into muons, as well as variations in the position where muons are created. Instead, the zenith angle distribution exhibits more E c ν dependence. The larger the value of E c ν , the more events are distributed above the horizon, where cos(θ) ≥ 0. This occurs because neutrinos with higher energies experience stronger absorption effects during their propagation through the Earth. The zenith angle distribution is a key feature for setting the differential limit at energies higher than 10 7 GeV. The test statistic is constructed as
An ensemble of pseudo-experiments is used to construct the PDF of Λ(λ diff , E c ν ), and gives the upper limit of λ diff at a given confidence level, for an energy of E c ν . By repeating the same procedure with varying E c ν , the differential upper limit as a function of neutrino energy is produced. Figure 5 presents the distributions of the values of the negative log-likelihood − log L diff for several values of the neutrino energy E flux ranging over an energy interval of one decade, centered at E c ν , on the λ diff -λα plane. Here λ diff denotes the multiplier to the one-decade box-type spectrum φ diff and λα is the multiplier to the power-law nuisance spectrum φα representing the astrophysical background. The star indicates the minimum on the − log L diff plane. From left to right, the distributions for log 10 (E c ν /GeV) = 7.6, 8.0, and 9.0 are shown. These results are calculated using the nine-year set of IceCube data containing two PeV-energy events described in Sec. V. The power-law index of astrophysical flux, α, is set to 2 in these examples.
that maximize the likelihood. At E c ν = 10 7.6 GeV, the minimal point is found at λ α = 0, which implies that the observational data including the two detected events (see Sec V) are attributed to φ diff centered at an energy of 10 7.6 GeV, and do not require an astrophysical nuisance flux. This result occurs because the primary energies of the neutrinos initiating the detected events are likely to originate in the one-decade-energy interval of φ diff . In the case of the central energy E c ν of 10 8 GeV, λ diff = 0 maximizes the likelihood, implying that the data disfavor the one-decade box-type spectrum φ diff but prefer a nonzero component of the astrophysical nuisance flux. Further increases in the central energy E c ν weaken the correlation between λ α and λ diff and the upper limit of the one-decade box flux φ diff becomes less dependent on the intensity of the astrophysical nuisance flux, as one can see in the far-right plot of Fig. 5 . Because the differential limit corresponds to the 90% CL upper limit of λ diff , this method gives the limit on φ diff in the presence of a possible astrophysical flux whose intensity λ α is estimated by the real data sample. The estimated astrophysical neutrino intensity with α = 2 is E 2 ν φ νe+νµ+ντ = 1.7 × 10 −9 GeV/cm 2 sec sr regardless of E c ν when E c ν 5 × 10 7 GeV. The obtained limit is robust against the different assumptions about the astrophysical neutrino spectrum, such as a softer spectrum of α = 2.5 or a spectral cutoff at 3 PeV as the resultant limit changes only by 5% with these various spectral assumptions. For the previously published differential EHE limit [5] , no nuisance parameter was used to account for an astrophysical background neutrino flux and the limit applies to the total neutrino flux over a decade in energy. Employing the astrophysical nuisance parameter in calculation of the differential limit, one must consider that the PDF of the test statistic Λ, given by Eq. (11), depends on the true value of the multiplier for the astrophysical flux in contrast to the consequence of the widely used Wilks' theorem for high statistical data samples. It implies that the resultant limit may depend on the nuisance flux multiplier λ α , whose true value is yet to be understood. For setting the differential limit, we calculated the PDF of the test statistic Λ by pseudo-experiments with various astrophysical flux intensities and found that the case of no astrophysical background resulted in the most conservative limit. Though the likelihood function and test statistic do include the nuisance astrophysical flux as a floating parameter (see Eq. (11)), the differential limit presented here is, hence, derived by the Λ distribution assuming no astrophysical flux.
V. RESULTS AND DISCUSSION
Two events passing the final selection criteria were observed; one event was reported in the previous analyses [5, 29] , and the newly found event in the additional two-year sample was detected in December 2016. It appears as a partially contained shower event. The energy proxy of this event used in the present analysis (E proxy ) is 2.7 PeV. Note that the best-estimated energy of this uncontained shower event is different from the energy proxy value. A dedicated energy loss reconstruction algorithm based on extensive simulations of this type of event estimate its energy as 5.9 PeV. Additional details will be published elsewhere. The characteristics of the observed events are listed in Table II .
The hypothesis that these two events are backgrounds of atmospheric origin was tested by the likelihood ratio test statistic of Eq. (5) with λ = 0 and is rejected with a p-value of 0.024% (3.5σ). They are found compatible with a generic astrophysical E −2 power-law flux with a p-value of 78.8%, whereas they are inconsistent with the cosmogenic hypothesis with a p-value of 2.5% (2.0σ), calculated using the test statistic of Eq. (7) employing the GZK neutrino model by Ahlers et al. [24] . The two observed events are more consistent with neutrinos from astrophysical power-law flux extending from TeV to PeV energies than from the cosmogenic flux peaking at energies in the EeV range.
The systematic uncertainties are the same as in the previous analysis [5] and each of the sources of systematic errors is fully described in Ref. [3] . The upper limits are weakened primarily by a potential NPE shift due to uncertainties in the detector's optical detection efficiency, and potential signal reduction due to uncertainties in the [4] , (ICRC2017) [10] , and ANITA [31] with appropriate normalization by considering the energy bin width and neutrino flavor. The previous IceCube limit from the analysis of seven years of data [5] with the similar likelihood ratio framework but without a nuisance astrophysical background flux parameter is also shown for reference (dashed line). neutrino-nucleon cross section. Differential limits are derived including the worst-case combinations of these uncertainties. The effective softening of the limit was by about 28% below 4 × 10 8 GeV and by about 11% at about 10 9 GeV and above. Figure 6 presents the differential upper limit on the all-flavor neutrino flux using this new method based on the nine-year sample of IceCube data. The two observed events weaken the limit below 4 × 10 8 GeV, while the limit becomes more stringent at higher energies as the astrophysical background completely accounts for the detected events. In the energy range most relevant to UHECR emissions, the present limit is stronger than the previous IceCube limit [5] even though the number of events remaining in the final data sample has doubled from one event to two. The new method for calculating differential upper limits with the nuisance flux strengthens the limit by ∼ 45 % in the energy region around 10
9 GeV in addition to the statistical improvements by adding two years of data. The limit applies to the constraints of the EHE cosmic neutrino flux on top of a power-law flux of astrophysical neutrinos. Any depar- ture from α = 2 in the nuisance φ α model has a very minimal impact on the obtained limit, especially at energies of 3 × 10 8 GeV or higher, the main energy region of interest for this study. The presented limit is also insensitive to systematic uncertainties in the energy proxy and topology of the detected events.
The presented differential upper limit in the energy region between 5 × 10 6 and 2 × 10 10 GeV is the most constraining model-independent upper limit currently reported. Models predicting a flux of E 2 ν φ νe+νµ+ντ 2 × 10 −8 GeV/cm 2 sec sr at 10 9 GeV are disfavored by the IceCube observations. Although the newly detected PeV-energy neutrino event relaxed the present limit below 4×10
8 GeV, the obtained differential limit represents our most recent model-independent bound given by large IceCube exposure.
The present limit constrains a significant portion of the parameter space in EHE neutrino models that assume a proton-dominated UHECR composition. This constraint arises because the energy flux of UHECRs at 10 EeV, about 2 × 10 −8 GeV/cm 2 sec sr, is comparable to the present neutrino differential limit. The UHECR flux is contributed only from sources in the local universe within a distance of R GZK ∼ 100 Mpc because of the energy attenuation of UHECR protons colliding with the cosmic microwave background. However, neutrinos are able to travel cosmological distances of O(c/H 0 ) ∼ 4 Gpc. Thus, UHECR sources within a sphere of about c/H 0 contribute to the expected neutrino flux. This volume effect generally increases the neutrino flux relative to the UHECR flux by a factor of about c/H 0 /R GZK ∼ O(10). This balances the energy conversion factor from a UHECR proton to its daughter neutrino (5 − 10%), leading to an amount of neutrino energy flux comparable to the energy flux of UHECRs, if the observed UHECRs are protons, independent of the details of the neutrino production model. The present improved limit above 10
8 GeV on the proton-dominated UHECR composition model is, therefore, robust against theoretical and observational uncertainties such as the cosmogenic neutrino intensity at PeV energies, which is determined by the extragalactic background light whose intensity is still uncertain [32] . Constrained by the differential limit, the interaction model-independent constraints [33] can be applied to the UHECR transition/composition models such as the proton dip model [34] .
While the differential upper limits provide a good indi- cator of how the bound of EHE neutrino flux constrains different models, the model-dependent upper limits are more stringent in constraining each model. This arises because the EHE neutrino models, in general, predict neutrino fluxes ranging across several decades of neutrino energy. This behavior is demonstrated by the fact that the cosmogenic neutrino flux reported by Kotera et al. [8] and the active galactic nuclei (AGN) neutrino flux reported by Murase et al. [30] , as shown in Fig. 6 , were disfavored in this analysis. Table III presents the results of the model-dependent tests for selected cosmogenic models and an astrophysical AGN model. These constraints were obtained by following the procedure described in Sec. IV C and are compatible with the analysis based on the seven-year set of IceCube data [5] though the newly detected PeV-energy event slightly weakens the constraints.
VI. SUMMARY
In this study, an EHE neutrino search using a nine-year IceCube data set was conducted, and we identified two distinct events with energies beyond 1 PeV. No events in the energy region above 10 PeV were found. This observation indicates that no neutrinos were induced by UHECR nucleons via the GZK mechanisms. This is consistent with the model-dependent constraints previously published [5] based on the seven years of data. It can be concluded that the cosmological evolution of UHECR sources must be comparable to or weaker than the star formation rate, a generic measure of structure formation history in the Universe [36] , if the mass composition of UHECRs is proton-dominated. This finding is also consistent with the constraints from the diffuse extragalactic γ-ray background [37, 38] measured by Fermi-LAT [39] .
In order to place an EHE neutrino flux limit with the present IceCube data set containing astrophysical neutrino background events, we introduced a new method that employs a binned Poisson likelihood method with a nuisance parameter to represent the TeV-PeV energy astrophysical neutrino flux. The intensity of the nuisance flux is determined from the observed data using a profile likelihood construction. The obtained differential limit is the most stringent recorded to date in the energy range between 5 × 10 6 and 2 × 10 10 GeV. This indicates that any cosmic neutrino model predicting a three-flavor neutrino flux of E 2 ν φ νe+νµ+ντ 2 × 10 −8 GeV/cm 2 sec sr at 10
9 GeV is severely constrained. This is a universal bound of EHE cosmic neutrinos, regardless of the model of the EHE neutrino production and their sources.
The present limits with IceCube observations significantly challenge the most popular candidates for UHECR sources, such as γ-ray bursts and radio-loud AGNs, but if the highest-energy cosmic rays are not protondominated, it is clear that these constraints are weakened. A mixed-composition scenario, in general, predicts EHE neutrinos with an intensity lower than the present bound by an order of magnitude [38] . A larger-scale neutrino detector is required to measure the EHE neutrino flux in this case. Experimental constraints on sources of UHECRs of mixed or heavy composition will be provided in a next-generation detector such as ARA [40] , ARIANNA [41] , or IceCube-Gen2 [42] .
